Ludlow AT, Lima LC, Wang J, Hanson ED, Guth LM, Spangenburg EE, Roth SM. Exercise alters mRNA expression of telomere-repeat binding factor 1 in skeletal muscle via p38 MAPK.
-Telomeres protect chromosome ends and shorten with age in most tissues. Integral to the maintenance of telomeres is the protein complex shelterin. The gene expression regulation of shelterin proteins to physiological stressors is not understood in vivo. We have recently reported increased telomererepeat binding factor 1 (TRF1) protein expression and longer telomere length in skeletal muscle of sedentary compared with chronically active mice. These provocative observations led us to examine the effects of acute physiological stress on shelterin expression in vivo in mice and to further define potential mechanisms associated with gene regulation of shelterin. Three groups of female C57Bl/6 mice were studied: one control group and two groups that underwent a 30-min treadmill running bout and were killed either immediately following or 1-h after the exercise. Following the exercise bout, mRNA expression of Trf1 was significantly reduced in the plantaris muscle, and this reduction was paralleled by significant increases in p38 MAPK phosphorylation. To determine if p38 mediated the decreases in Trf1 mRNA expression, C2C12 myotubes were treated with the calcium ionophore, A23187. In response to the A23187, Trf1 gene expression was significantly reduced, coupled with significant increases in p38 phosphorylation, similar to in vivo data. C2C12 myotubes pretreated with a p38 inhibitor (SB-202190) prevented the A23187-induced decrease in Trf1 mRNA expression, indicating a link between Trf1 gene expression and p38 MAPK activation. While it is too early to definitively report the effect of exercise on telomere biology in rodents or humans, these data provide important mechanistic insights into the paradoxical telomere shortening that occurs in skeletal muscle in response to chronic exercise in mice.
shelterin; treadmill exercise; telomeres; gene expression; signaling TELOMERES ARE SPECIALIZED repetitive DNA sequences (5=-TTAGGG n -3=) that play a protective role at the ends of linear chromosomes (7) . Current dogma is that, in response to cellular replication, telomere DNA is lost, resulting in telomere shortening, potentially contributing to the induction of cellular senescence (6, 21) . In this sense, telomeres are considered a biomarker of aging. Telomeres act as an important contributor to genome stability and transcriptional regulation (e.g., telomere position effect), thus indicating an important role for telomere length in postmitotic tissues (such as skeletal muscle) as well (32) .
Telomeres also function to protect the ends of chromosomes from end-to-end fusions and from being recognized as damaged DNA (12) . To protect chromosome ends, telomeres form a T-loop chromatin structure (22) that is maintained by a six-protein complex termed shelterin (13) . Shelterin consists of three telomere-specific binding proteins and three accessory proteins that link the complex together and stabilize the DNAprotein interactions (13) . The three DNA binding proteins are as follows: telomere-repeat binding factors 1 and 2 (TRF1 and TRF2), and protection of telomeres 1 (POT1; POT1a and b in the mouse) (23) . TRF1 is critical in telomere length homeostasis and regulates cell cycle progression, whereas TRF2 helps form the T-loop structure and has telomere length-regulating functions (43) . POT1 functions in regulating telomerase action at the telomere and also in maintaining telomere structure (20) . Additional linker and bridging proteins tie together the shelterin components and stabilize telomere ends (13) .
In skeletal muscle, the telomere shortening dogma does not hold true: skeletal muscle telomere length does not change with age, likely stemming from the postmitotic nature of skeletal muscle (14, 30, 40) . However, certain disease states, such as Duchenne's muscular dystrophy, have been associated with shortened skeletal muscle telomere lengths from the degeneration-regeneration cycles, causing satellite cell telomeres to shorten (1) . In addition to telomere shortening, Aguennouz et al. (1) also observed increased TRF1 protein levels in skeletal muscle from Duchenne's patients, which they hypothesized was related to telomere shortening. However, in a study of skeletal muscle inflammatory diseases with increased regenerative cycles, which one would hypothesize to shorten mean telomere length, no effect on telomere length was observed in diseased skeletal muscle compared with controls (38) . In this same study, components of the shelterin complex were upregulated, indicating telomere length protective mechanisms in skeletal muscle in response to telomere shortening stressors. Collectively, these studies point to complex regulation of shelterin and telomere length, dependent on the cellular context in skeletal muscle. Unaccustomed or extreme exercise bouts are also potent physiological stressors, and the impact of such stressors on telomere length and shelterin expression is not clearly defined.
Recent evidence has shown that endurance exercise training may shorten telomere length in skeletal muscle (11, 30, 39) , which contrasts significantly from other tissues in which chronic exercise appears to have a "telo-protective" effect and slow age-related telomere shortening (9, 15, 29, 31, 46, 47) . Collins et al. (11) were the first to show that, in age-and training-matched endurance athletes, skeletal muscle telomere length was shorter in those displaying symptoms of fatigued athlete myopathic syndrome compared with healthy athletes. However, these results may be confounded by small sample size or other factors, as subject characterization was not comprehensive. In a follow-up study of healthy endurance-trained individuals, those who had trained for the greatest number of years and the greatest number of hours per week had the shortest skeletal muscle telomere lengths (39) , although endurance athletes and age-matched controls had similar telomere lengths. A third study investigating telomere length and resistance training reported no difference in telomere length between trained and control individuals (25) . Recently, Laye et al. (27) examined the effect of seven marathons in 7 days on telomere length and shelterin in skeletal muscle. The authors observed no change in telomere length, but did observe an increase in shelterin expression in immune cells. Furthermore, expression of DNA damage response proteins Ku70 and Ku80, which are known to interact with telomeres, increased in immune cells and skeletal muscle (27) . These studies provide equivocal results, and longitudinal studies are needed to determine the role of physiological stress on human skeletal muscle telomere biology.
While no longitudinal study, to date, has been performed in humans, several groups have recently examined the effect of long-term exercise on telomere biology in rodents (29) . Werner et al. (46, 47) have shown in two studies of heart and vascular tissues that long-term exercise training maintains telomere length and increases the expression of shelterin components and telomerase in active compared with sedentary mice. Our laboratory (30) has recently shown in CAST/Ei mice (short telomere strain of mice) that 1 yr of chronic exercise exposure resulted in shorter skeletal muscle telomere length compared with both age-matched sedentary and young (8 wk) mice, while maintaining telomere length in the liver and heart. In addition to telomere shortening in the exercised animals, we observed differences in gene expression and protein content of telomere length-regulating genes (i.e., shelterin components). Specifically, our laboratory (30) observed an upregulation of TRF1 gene expression and telomere length maintenance in the sedentary animals compared with the active animals at 1 yr of age, indicating unique gene expression regulation of shelterin following physiological stress in mouse skeletal muscle. Together, these data indicate that telomere length dynamics and in vivo regulation of shelterin expression in skeletal muscle are unique and do not follow the pattern typical of other tissues in response to chronic exercise.
The links between exercise, telomere length, and shelterin gene expression are unknown, as are the initial signaling events induced by endurance exercise in skeletal muscle that could lead to telomere length alterations (i.e., shortening). It is well established that exercise, specifically skeletal muscle contraction, is known to activate several mitogen-activated protein kinases (MAPK) (41) . The terminal kinases in the MAPK signaling cascade are extracellular regulated kinase (ERK1/2), p38 MAPK, and c-Jun NH 2 -terminus kinase (JNK1/2)/stressactivated protein kinase (41) . MAPK are broadly involved in processes such as cell death, differentiation, apoptosis, and cell cycle regulation (3) . Recently, the regulation of expression of the shelterin complex was linked to the activation patterns of the MAPK family in cardiomyocytes (44) . Thus we hypothesized that MAPK activation (phosphorylation) in skeletal muscle could regulate gene expression patterns of specific members of the shelterin complex.
Given the data from our laboratory and others demonstrating that chronic exercise results in changes in expression of shelterin proteins (11, 30, 39) , we sought to determine the possible regulatory signaling pathway by which an acute bout of exercise regulates components of the shelterin complex, independent of changes in telomere length. The purpose of our investigation was twofold: 1) to determine the effects of an acute treadmill exercise bout on skeletal muscle gene expression of shelterin components; and 2) to assess a potential relationship between MAPK signaling and any detected alterations in gene expression of the shelterin components. We hypothesized that acute exercise would result in decreased skeletal muscle shelterin mRNA expression associated with activation of MAPK.
METHODS

Animals
All animal experiments were approved by the University of Maryland Institutional Animal Care and Use Committee and conformed to the National Institutes of Health Guide for the Use and Care of Laboratory Animals (NIH publication no. 85-23, revised 1996). Twenty-two female 6-wk-old C57Bl/6 mice were purchased (Jackson Laboratories, Bar Harbor, ME). Animals were acclimated to the animal facility for 1 wk before being randomly assigned to treatment groups. The animals were housed at 25°C on a 12:12-h light-dark cycle. Animals were fed ad libitum laboratory mouse chow (Prolab RMH 3000, 5P00, LabDiet by Purina, Nestlé, Vevey, Switzerland) and given free access to water. Animals were separated into three groups for the experiment: baseline (BL; n ϭ 6) animals were exposed to a motionless treadmill for 30 min before being euthanized. The remaining 16 animals underwent a 10-day treadmill acclimation protocol and peak speed test, were separated into two groups that underwent a 30-min treadmill exercise bout, and were euthanized either immediately following [time point 1 (TP1), n ϭ 8] or 1 h after [time point 2 (TP2), n ϭ 8]. Plantaris (PLT) and tibialis anterior (TA) skeletal muscles were dissected and flash frozen in liquid nitrogen until processed and analyzed for gene expression and protein content.
Treadmill Acclimation Protocol
The treadmill was set at a 7% incline for all treadmill sessions. The animals were acclimated to the treadmill over a period of 10 days, consisting of four different sessions and separated by 1 day of rest (Supplemental Table S1 ; the online version of this article contains supplemental data.)
Incremental Treadmill Exercise Test
Forty-eight hours after the last acclimation session, animals from the exercise groups completed an incremental exercise test for assessment of their peak treadmill running speed. First, the mouse was placed for 2 min on a motionless treadmill with the test beginning at a speed of 6 m/min. The treadmill speed was then increased 3 m/min every 2 min until running ability was visually impaired, as evidenced by the animal sitting on the shock pad for more than 30 s. The speed of the last stage completed was recorded as the peak treadmill running speed.
Acute Treadmill Exercise Bout
Forty-eight hours after the incremental exercise test, the mice were exposed to 30 min of treadmill running at 65% [22.8 (3.6 ) m/min; mean (SD)] of their peak speed [34.7 (4.6) m/min] and were killed immediately (TP1; n ϭ 8) or 1 h following (TP2; n ϭ 8) the running bout.
Gene Expression
Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA). Briefly, 1 g of total RNA was reverse transcribed (Applied Biosystems, High-capacity cDNA kit, Carlsbad, CA), followed by PCR and gel electrophoresis using previously published primers (30, 47) .
Immunoblotting Procedures
Total protein was extracted from skeletal muscle samples with lysis buffer containing protease inhibitor cocktail [50 mM HEPES (pH 7.4), 0.1% Triton X-100, 4 mM EGTA, 10 mM EDTA, 15 mM Na 4P2O7·H2O, 100 mM glycerophosphate with a protease inhibitor cocktail, complete mini EDTA-free, Roche, Indianapolis, IN]. Protein concentration was determined with a commercially available bicinchoninic acid protein assay (Pierce, Rockford, IL). Thirty micrograms of total protein from each sample were separated on 7.5% SDS-PAGE gels, transferred onto polyvinylidene difluoride membranes (Immunobilon-P, Millipore, Billericka, MA) blocked in 5% nonfat dry milk for 30 min and exposed to primary antibodies overnight at 4°C as follows: phosphorylated p38 MAPK (Thr180/Tyr182, Cell Signaling 9211, 1:500) and phosphorylated ERK1/2 (p44 ERK1/ p42 ERK2, Thr202/Tyr204, Cell Signaling 9101, 1:1,000). For total protein isoforms and GAPDH analyses, membranes from phosphorylated immunoblots were stripped and reprobed with the following antibodies for total proteins: total p38 MAPK (Cell Signaling 9212, 1:500), total ERK1/2 (Cell Signaling 9102, 1:1,000), and GAPDH (Cell Signaling, Danvers, MA, 14C10 rabbit MAb no. 2118, 1: 1,000). Products were visualized using enhanced chemiluminescence on the Gene Gnome (Syngene Bio Imaging). Band intensities were analyzed by densitometry using Image J software (NIH, Betesda, MD).
In Vitro Study
Myoblasts (C2C12, ATCC CRL-1772, Manassas, VA) were seeded onto six-well plates (Greiner bio-one 657 160, Frickenhausen, Germany) and cultured in growth media (10% FBS, Gibco 10082-189, Carlsbad, CA), 1% penicillin and streptomycin (Invitrogen Carlsbad, CA, 15070 -063, 5,000 units penicillin, 5,000 g streptomycin) in DMEM, (ATCC 30 -2002, Manassas, VA) for 48 h before being switched to differentiation media, which contained 2% horse serum (ATCC 30 -2040, Manassas, VA) and 1% penicillin and streptomycin in DMEM for 72 h. After cells were confirmed to be differentiated (visual confirmation of myotube formation, data not shown), myotubes were treated for various time periods with calcium ionophore (A23187, 1 M, Sigma-Aldrich, St. Louis, MO, C7522 in ethanol) or in combination with a pharmacological inhibitor of p38 MAPK [10 M; this inhibitor binds to the ATP binding pocket and does not directly alter the phosphorylation status of p38 MAPK (16) at Thr180-X-Tyr182; SB-202190, Sigma S7067 in DMSO]. Gene expression and immunoblotting were performed as above.
Statistical Analysis
Gene expression targets were normalized to the reference gene Gapdh and then expressed relative to the BL group. Gapdh and GAPDH were not different between groups and thus, in our hands, was a sufficient loading control and normalization gene (data not shown). All values are presented as means Ϯ SE. One-way ANOVA was performed with a post hoc analysis using Tukey's honestly significant difference, with significance accepted at P Յ 0.05.
RESULTS
In Vivo Shelterin Gene Expression Results
PLT. To test the hypothesis that acute exercise would decrease shelterin gene expression levels, we measured Trf1, Trf2, Pot1a, and Pot1b in PLT at BL, TP1, and TP2. Compared with BL, Trf1 gene expression was significantly decreased at TP1 (P ϭ 0.02). BL and TP2 Trf1 gene expression was not different (P ϭ 0.07), whereas TP1 and TP2 Trf1 gene expression was similar (P ϭ 0.58; Fig. 1A ). Trf2 gene expression was not different at TP1 compared with BL (P ϭ 0.10) and was not different between any other groups (Fig. 1B) . Pot1a and Po1tb gene expression were not different from BL at either time point (Fig. 1, C and D, respectively) . We measured peroxisome proliferator-activated receptor gamma co-activator-1 alpha (Ppargc1alpha) gene expression. BL and TP1 animals were similar, while TP2 resulted in an increase that was not statistically significant at TP2 (Fig. 1E) . Other studies have found increases in Ppargc1alpha to occur at later time points (i.e., 2 h or more) following treadmill running (28, 45) .
TA. To investigate if shelterin gene response was muscle specific, we measured mRNA expression in the TA muscle. No significant changes in gene expression were observed for shelterin components Trf1, Pot1a, or Pot1b (Fig. 2, A, C, and D, respectively) in the TA. Gene expression of Trf2 in TP1 animals was significantly higher compared with that for TP2 animals (P ϭ 0.03, Fig. 2B ), was not different from BL animals (P ϭ 0.08), and was similar between TP2 and BL animals (P ϭ 0.80). To assess the animal's response to treadmill running, we measured Ppargc1alpha. BL and TP1 animals were similar, while TP2 animals had significantly greater Ppargc1alpha gene expression compared with TP1 animals ( Fig. 2E ; P Ͻ 0.05).
In Vivo MAPK Results
PLT. We hypothesized that the stress-responsive MAPK protein family could be associated with altered levels of shelterin gene expression; thus we measured the phosphorylation status of ERK1/2 and p38 in skeletal muscles. Phosphorylated levels of ERK1 or ERK2 were not different between any groups (P ϭ 0.50 and P ϭ 0.80, respectively, Fig. 3A ). Phosphorylated levels of p38 MAPK were significantly higher in the TP1 group compared with the BL animals (P ϭ 0.03, Fig. 3B ), but were not different compared with TP2 (P ϭ 0.20). No differences were detected between BL and TP2 (P ϭ 0.30).
TA. In the TA, phosphorylated levels of ERK1 were not different between any time points; however, phosphorylated levels of ERK2 were significantly higher in TP1 animals compared with TP2 (P ϭ 0.04), but not different than BL animals (P ϭ 0.08, Fig. 4A ). No differences were detected between BL and TP2. No differences were observed in the phosphorylation status of p38 MAPK for any time point (Fig. 4B) .
In Vitro Results
Due to the critical importance of Trf1 in telomere length regulation and homeostasis (26, 43) , we conducted cell culture experiments in an attempt to delineate the signaling mechanisms that regulate Trf1 gene expression in skeletal muscle. Our intent with the in vitro experiments was not to mimic exercising muscle, but to delineate the importance of p38 MAPK to Trf1 gene regulation. The purpose of these experiments in C2C12 murine skeletal muscle cells was to activate the same signaling pathway that was activated following exercise and observe if Trf1 gene expression changes in a similar fashion. Previous experiments have indicated that p38 MAPK activation is induced by increased calcium levels in the skeletal p38 MAPK Regulates Trf1 Gene Expression in Skeletal Muscle • Ludlow AT et al. muscle cell (49) , and activated p38 MAPK can influence telomere biology by altering the expression of shelterin components Trf1 and Trf2 (44). Thus we treated C2C12 myotubes with calcium ionophore (A23187) to induce increases in intracellular calcium levels, as previously described (4, 5, 17, 18, 24) and then determined Trf1 gene expression. Treatment with 1 M A23187 induces an approximately fourfold increase in cytosol calcium levels in skeletal muscle myotubes (37). Treatment with A23187 for 24 h resulted in a significant decrease in Trf1 gene expression (P ϭ 0.003, Fig. 5 ). We then determined that 3 h was the shortest period of exposure to A23187 that significantly increased p38 MAPK phosphorylation (P ϭ 0.02, Fig. 6 ), which returned to near BL levels 24 h posttreatment.
To determine whether p38 MAPK regulates Trf1 gene expression, we inhibited p38 MAPK activity with SB-202190, as previously described (19, 34) . Treatment of the C2C12 myotubes with A23187 resulted in a significant decrease in Trf1 gene expression, which was completely prevented by inhibition of p38 MAPK with SB-202190 (P Ͻ 0.001, Fig. 7 ).
DISCUSSION
Our laboratory has previously determined that long-term voluntary wheel-running exercise in mice resulted in telomere shortening and unique gene expression of shelterin in skeletal muscle (30) . The purpose of the present research was to animals compared with baseline (BL) animals (P ϭ 0.02), tended to remain reduced at time point 2 (TP2) (P ϭ 0.07), and was not different between TP1 and TP2 (P ϭ 0.58). *TP1 significantly different than BL (P Ͻ 0.05). B: Trf2 mRNA expression tended to decrease in TP1 animals compared with BL (P ϭ 0.1), but was not different between BL and TP2 (P ϭ 0.3) or between TP1 and TP2 (P ϭ 0.5). C and D: Pot1a and Po1tb mRNA expression, respectively, was not different between any groups (P ϭ 0.3 and P ϭ 0.4, respectively). E: Pgc1a was not different between BL and TP1 or TP2 (P ϭ 0.4 for both), but tended to be higher at TP2 compared with TP1 (P ϭ 0.08). Values are means Ϯ SE. mRNA abundance was assessed with RT-PCR, corrected for Gapdh, and expressed relative to the BL group. BL, n ϭ 6; TP1, animals killed immediately following acute exercise bout, n ϭ 8; TP2, animals killed 1 h after the acute exercise bout, n ϭ 8. See text for definition of genes.
delineate the effects of an acute bout of exercise on the skeletal muscle shelterin protein complex and to begin to elucidate mechanisms regulating gene expression patterns of the shelterin complex. We describe, for the first time, that acute exercise reduces the gene expression of a key shelterin component, Trf1. Our data also indicate that Trf1 mRNA expression is regulated by calcium-related activation of p38 MAPK in skeletal muscle. Understanding how telomere length and shelterin are regulated in a tissue such as skeletal muscle, where telomere length does not decrease with aging, provides novel insights into telomere biology. Chronic exercise training slows age-related telomere shortening in several tissues (9, 30, 31, 46, 47) . A recent study by our group indicates that long-term exercise training results in shorter skeletal muscle telomere lengths compared with young and age-matched sedentary animals (30) . These results are supported by two cross-sectional studies in humans, indicating a similar tendency (11, 39) , but no longitudinal study in human skeletal muscle has been performed to date. In our previous work, we also found that chronic voluntary exercise (1 yr) attenuated an age-induced increase in mouse skeletal muscle TRF1 protein content, suggesting that exercise may negatively regulate Trf1 gene expression (30) . Based on those results, it could be interpreted that the telomere complex in skeletal muscle is regulated in a unique fashion compared with other tissues (30). TP2 animals compared with BL animals (P ϭ 0.3 and P ϭ 0.7, respectively) and was not different between TP1 and TP2 (P ϭ 0.1). B: Trf2 gene expression was higher in TP1 compared with TP2 animals and tended to be higher than BL (P ϭ 0.03 and P ϭ 0.08, respectively), but was similar between BL and TP2 (P ϭ 0.8). C and D: Pot1a and Po1tb mRNA expression, respectively, was not different between any groups (P ϭ 0.2 and P ϭ 0.2, respectively). E: Pgc1a gene expression was not different in BL compared with TP1 and TP2 (P ϭ 0.8), but TP2 had significantly higher expression compared with TP1 (P ϭ 0.02). Values are means Ϯ SE. mRNA abundance was assessed with RT-PCR, corrected for Gapdh, and expressed relative to the BL group. BL, n ϭ 6; TP1, n ϭ 8; TP2, n ϭ 8. #TP1 significantly different than TP2 (P Ͻ 0.05).
Evidence from in vitro studies of mouse and human cancer cell lines indicate that TRF1 is a negative regulator of telomere length (43) . When TRF1 is overexpressed in vivo in epithelial cells, telomere shortening occurs, as would be predicted from the in vitro studies (35) . However, this overexpression is not telomere protective, but rather is detrimental to the telomere and results in end-to-end fusions, chromosomal aberrations, and telomere recombination (35) . This is contrasted by data from tissue-specific knockout models of TRF1, showing no detectable telomere shortening, but other telomere dysfunctional phenotypes (33) . Combined, these data indicate the TRF1 levels and likely the entire shelterin complex are tightly regulated in a cell-type and tissue-specific fashion; thus determination of the function and regulation of TRF1 in vivo in multiple tissues is important.
For example, Werner et al. (47) found, in cardiac muscle, that wheel running for 21 days in mice resulted in increased Trf1 gene expression and no telomere length changes compared with sedentary mice in cardiac tissue. To the best of our knowledge, only three other studies have examined Trf1 gene expression in skeletal muscle, where it was determined that Duchenne's muscular dystrophy patients have increased Trf1 protein expression compared with controls [along with shorter telomeres (1)], and that multiple consecutive exercise bouts resulted in no changes in Trf1 in highly trained individuals (27) . More recently, Ponsot et al. (38) found in skeletal muscle that telomerase and shelterin components were increased and telomere length maintained in skeletal muscle of patients with two different inflammatory diseases. This indicates that shelterin is tightly regulated, depending on the stimulus and the cellular context of that stimulus making understanding the gene expression (mRNA) regulation of shelterin components vital in health and disease states related to telomere length. These findings, in combination with our own training data (30) , led us to examine the role of acute exercise as a means to identify potential signals that may alter Trf1 gene expression.
Numerous cellular signaling pathways are activated by contraction of skeletal muscle, including the MAPK pathway (8) . Due to the unique shelterin gene expression response observed in exercised and aged skeletal muscle (30) , we hypothesized that shelterin gene expression may be a stress response induced by the initial bouts of unaccustomed exercise in untrained individuals. Thus we targeted the MAPK signaling pathway, as numerous studies have shown that components of this family are induced by external stresses, and recent evidence in cardiomyocytes has linked MAPK signaling proteins to regulation of shelterin gene 3 . p38 MAPK is activated following acute treadmill exercise in the plantaris. We measured the phosphorylation status of the MAPKs ERK1/2 (A) and p38 (B) following acute treadmill exercise. ERK1/2 was not different among any groups (ERK1 p44, P ϭ 0.6 and ERK2 p42, P ϭ 0.8). p38 MAPK had significantly increased phosphorylation at TP1 compared with BL (P ϭ 0.03), TP1 and TP2 were similar (P ϭ 0.2), as were BL and TP2 (P ϭ 0.3). Densitometric analysis and representative immunoblot images (right) are shown. Values are means Ϯ SE. Phosphorylated (p)-to-total (t) protein content ratios were derived and then expressed relative to the BL group for comparisons. GAPDH was a loading reference. BL, n ϭ 6; TP1, n ϭ 8; TP2, n ϭ 8. *TP1 significantly different than BL (P Ͻ 0.05).
p38 MAPK Regulates Trf1 Gene Expression in Skeletal Muscle • Ludlow AT et al. expression (44) . We observed that an acute bout of treadmill running resulted in enhanced phosphorylation of p38 MAPK in the PLT muscle, which was associated with a decrease in Trf1 mRNA expression. The activation of p38 MAPK is known to occur in response to muscle contraction, and the amount of activation is dependent on the type, time, and intensity of the contractions (41) . We saw increased phosphorylation of p38 in the PLT, but not the TA muscle. We speculate that this is a response to the treadmill running, since previous studies have shown greater neuromuscular activation of the PLT in rodents compared with the TA (42, 50) . These preliminary results give us a good idea of what pathways are important in the gene regulation of Trf1 in rodent skeletal muscle following exercise. When viewed in conjunction with our laboratory's previous longitudinal findings (30), we hypothesize that the initial bouts of exercise training, the onset of a stress response, may reduce TRF1 protein levels and lead to reduced protection of telomeres, potentially contributing to an eventual telomere shortening response detected in individuals training for a long period of time.
Previously, in vitro studies have found that elevations in intracellular calcium levels can activate p38 MAPK (36, 49) , and intracellular resting calcium levels are known to be elevated in fatigued skeletal muscle (10) . Thus elevations in intracellular calcium may act as an upstream signal, resulting in reduced Trf1 mRNA expression. Based on prior work (17), we exposed cultured C2C12 myotubes to A21387 to increase intracellular calcium (37) and observed a significant increase in p38 MAPK phosphorylation. Similar to our in vivo results, we found that, when p38 MAPK was phosphorylated, there was a subsequent decrease in Trf1 mRNA content. To determine whether p38 MAPK was critical for the A21387-induced reduction of Trf1 gene expression, we inhibited p38 MAPK activity using SB-202190, which prevented the reduction in Trf1 gene expression under these conditions. By doing the in vitro inhibitor experiments, we were able to show a direct link between the activation of the pathway and changes in Trf1 gene expression. Further experiments in rodent models would be needed, and eventually an experiment with humans involving acute and longitudinal exercise measuring Trf1 gene expres- A: ERK1 (p44) phosphorylation was not significantly altered in the TA due to treadmill exercise (P ϭ 0.4). ERK2 (p42) phosphorylation was greater at TP1 compared with TP2 (P ϭ 0.04) and tended to be greater than BL (P ϭ 0.08), but BL and TP2 were similar (P ϭ 0.8). #Significantly different than TP2 (P Ͻ 0.05). B: p38 MAPK phosphorylation was not significantly altered by treadmill exercise (P ϭ 0.6). Densitomeric analysis and representative immunoblot images (right) are shown. Values are means Ϯ SE. Phosphorylated (p)-to-total (t) protein content ratios were derived and then expressed relative to the BL group for comparisons. GAPDH was a loading reference. BL, n ϭ 6; TP1, n ϭ 8; TP2, n ϭ 8.
sion would be needed. These data indicate a mechanistic linkage between p38 MAPK and Trf1 gene expression and support our in vivo observations that p38 MAPK activation may be regulating the reduced Trf1 gene expression. These data are in agreement with previous results from Spallarossa et al. (44) , who observed decreased Trf1 gene expression when treating cardiomyocytes with doxorubicin, which resulted in simultaneous increases in phosphorylation of p38 MAPK. Our results provide a rationale for future experiments to test possible mechanisms by which long-term aerobic exercise training results in shortened telomeres in skeletal muscle.
Our data indicate that contraction/exercise-dependent decreases in Trf1 gene expression may be the result of p38 MAPK activation. We speculate that intracellular elevations in calcium may be an important signal in this activation, although it is equally possible that other signals could also activate p38 MAPK during exercise (e.g., reactive oxygen species). We hypothesize that physiological stressors (e.g., repeated bouts of exercise), such as chronic endurance training, whereby each bout results in transient decreases in mRNA expression of Trf1 could over time lead to reduced TRF1 protein content. We further hypothesize that there is a threshold of contractile stimuli that could result in either activation of gene expression (observed response in TA) or gene repression (observed response in PLT), indicating unique regulation dependent on the level of stress signaling for shelterin components. Activation of stress signaling in skeletal muscle may repress gene expression of Trf1 initially, and, following rest, expression returns to BL or homeostasis. Thus, with Trf1, exercise-induced p38 activation reduces gene expression, and following rest and reduced activation (by TP2) Trf1 expression returns to similar levels as BL. Over time, (i.e., with repeated exercise bouts), a significant reduction of TRF1 protein could lead to altered telomere length homeostasis and a loss of telomere length in chronically trained skeletal muscles, which is supported by our laboratory's previous work (30) . These results combined suggest that repeated bouts of exercise would result in decreased Trf1, which, over time, could lead to telomere shortening in trained individuals, Fig. 6 . Calcium ionophore stimulation results in p38 MAPK phosphorylation in C2C12 myotubes. To determine whether calcium ionophore treatment resulted in activation/phosphorylation of p38 MAPK, myotubes were treated for 3 h with 1 M A23187 or control, and protein was isolated 30 min and 24 h following treatment. Calcium ionophore treatment resulted in significant phosphorylation of p38 MAPK compared with BL. Densitometric analysis (top) and representative immunoblot images (bottom) are shown. Values are means Ϯ SE. Phosphorylatedto-total protein content ratios were derived and then expressed relative to the BL group for comparisons. GAPDH was a loading reference. BL, vehicle treated; A23187, treated for 3 h, and protein isolated 30 min posttreatment; 24H post, myotubes treated for 3 h, protein isolated 24 h posttreatment. All experiments were performed in duplicate on at least 3 separate occasions, in serial passage. *A23187 significantly different than BL (P Ͻ 0.05). #A23187 significantly different than 24H post (P Ͻ 0.05). suggesting unique regulation of mouse skeletal muscle Trf1 in response to exercise. While the data from Laye et al. (27) showed that endurance exercise should maintain or increase Trf1 gene expression, one should consider the fact that the authors investigated individuals with a long history of endurance training (e.g., marathon running) and did not compare subjects to a body mass, composition, or age-matched group. Thus the findings from Laye et al. (27) cannot be compared directly to our present results, but rather should be interpreted as how Trf1 gene expression responds to extreme acute exercise in highly trained individuals. The present study investigated the gene expression response of Trf1 in untrained animals and showed different responses between muscle groups likely dependent on neuromuscular activation during exercise.
Several limitations to our investigation should be noted. First, we did not assess the protein levels of TRF1 in our tissues, nor did we measure telomere length as a functional measure of TRF1. These variables were not central to our hypothesis or aims, which were to delineate potential mechanisms controlling mRNA gene expression of Trf1, rather than to delineate short-term protein changes that are unlikely to impact short-term changes in telomere length. Telomere length would not be expected to change in response to such a short exercise bout, and any such change is not likely physiologically important or even detectable with the present methods. Second, we did not assess the full MAPK family of proteins, omitting JNK due to the fact that this pathway is related to extreme physiological stress (i.e., marathon running), rather than more typical exercise-related stress. Also, the type of muscle contraction plays a role in the activation of MAPK signaling molecules. Fatiguing muscle contractions activate JNK (48); since our animals were not exercised to fatigue, we focused our investigation on p38 and ERK rather than on JNK. While we did observe several tendencies, our sample size was sufficient to detect a significant difference for Trf1 gene expression and was sufficiently powered to detect a 30% difference for other targets. Finally, we were unable to conclusively determine which p38 MAPK isoform is responsible for the observed changes. Nevertheless, these data provide the first evidence of skeletal muscle Trf1 regulation by p38 MAPK in response to an acute bout of exercise.
In summary, these results represent a first step in understanding the mechanism behind how skeletal muscle telomere length is reduced in chronically trained skeletal muscle (rodent or human). We provide insight into how unaccustomed exercise may initially result in telomere de-protection (i.e., downregulation of Trf1) and thus lead to unrepaired telomere DNA damage and telomere length loss. Future studies are needed to determine the timeline of de-repression of Trf1 gene expression in response to exercise training, the timing and mechanism of telomere shortening in response to exercise training, and the physiological and cellular consequences of having short telomeres in skeletal muscles. 
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